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process
Theoretical basis: the Sea

L_evel Equation+models of glaciation
The unigue SLR contribution: time
dependent Stokes coeff’ s of low
degree—the non-tidal acceleration
The VLBl +ex|L.S++contribution:
The precess of true polar wander

A challenge to the GIA explanation
of the modern day rate and direction
of true polar wander: A new test
based upon “old” data



T heoretical Basis of the GI A Process

ROTATIONAL FEEDBACK IN THE
SEALEVEL EQUATION

Because a change in rotational state is accompanied by a change
in centrifugal potential and because sea level (msl) is constrained
to lie on an equipotential, a change in rotational state will clearly
induce a change in sea level.

.. A Modified Sea Level Equation
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Geoid Height Time Dependence and the J,,

(1)  Geoid Height Time Dependence (take G (6, A, t) = geoid height)

G@O,1,t)=R 0,4, 1)+ RSL (6, 4, 1), R = local radius wrt com
RSL = sea level wrt solid surface

0 +

@ GOAN=2Z Z G Yo O.1)

3 Definition of the J sy

o £

('}(0,1, t)=—a€22 20 (jzlm cosml+j[2m sin mA) Pzn (cos 6)

With the P?l normalized such that

- 47 ({+m) !
P (cos ) %% ™ Ysin 0 49 a =
f f ( ¢ (€0s0)pmy ) sin (20+1) (4-m) ! (2 - Oomm)

unit sphere

sl 220,00 [(20+1) (f-m) ! :

4) Thus J,, = - ) Re [Gyy ]
2 2 /(24+1) (£-m) ! ;
Jim = = —( Im [Gypy, ]

£+m)

(5)  Variance Spectra
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Leventer et al., in prep.

Domack et al., 1998 (Ant. Sci.)

Leventer et al., in prep.

Domack et al., 1999 (GSA Bulletin)

Domack et al., in prep.
Brachfeld et al., 2003 (Geology)
Domack et al., 2005 (Nature)

Domack et al., 2001 (Holocene)

Domack et al. 2005 (Geomorphology)
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A GRACE test of the Validity of | CE-SG(V M 2)

GRACE Mass Rate CSR RL01 Unconstrained(46) Apr02 - May06

Equiv water thickness change (cm/yr)
[ ]




Rate of radial displacement predictied by ICE-
5G(VIM2)

ICE-5G v1.2 VM2_L90




Computation of the Rotational Response of the Earth to the GIA Process

(1) The angular velocity vector with components is determined by a soln.

to the classical Euler equation in which ¥ 1l s the moment of inertia tensor

(2) Because we are interested in small departures from the modern state of
steady rotation with angular velocity ,we may employ first order

perturbation theory to construct a solution for the GIA forced modification
to the steady background solution, by employing the expansion:

w;=Q(0j3+ m;)
Jig = A+ I
Jon =B + |5
Jaz = C + |43




(3) Substitution into the Euler e jon and linearization leads to the three
governing equations for the , hamely

Polar wander

Length of day

(4) Where the so-called “excitation functions” are given by:

Y = (%)'23 - (C"LA/dt)
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(5) It is critical to recognize that there exist perturbations to the inertia tensor
due to 2 distinct causes, namely due to the direct influence of the GIA process
AND due to the deformation induced by the changing rotation. These may be
expressed as:

(a) Due to the direct influence of GIA

|ij =1+ ké— % Iilj:e , in which indicates convolution in time

(b) Due to the rotation induced deformation, from MacCullagh’s formula

> Assuming A=B

This is the traditional fluid
Love number based upon

the observed oblateness!!
It it ~0.9382




|nertia perturbations
for the ICE-4G (green)
and | CE-5G(red)
models of the global
process of glacial
|Sostatic adjustment.
The calculationsto be
discussed are based
upon the assumption
that 7, 100,000 year
cycles of glaciation
have occurred during
L ate Pleistocene time.

Inertia Components (1032 Kg m?)
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Power spectra of geoid height time dependence-with
and withoeut an Antarctic melting tail of global
strengthi 1 mm per year

Log10 (J Dot Power)
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Note the very With AA melting existence of the large
Large ampllt_ude T~ peak at degree two
Of the peak in the [l 2 el due to the influence

Spectrum at fﬁﬁk Without AA melting ‘ (il of rotational feedback
Spherical Wi =

Harmonic degree 3’
One that an i
Expected
Consequence of
AA melting at a
Rate sufficient to
Cause global sea
Level to rise at a
Rate of 1 mm per
Year.
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it Isiuseiiul toicompare the complieie sei of lew order
zonal Jn-dets to ehservations hased upon Satellite
L aser Ranging
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Theory employs a 1 cycle decription of the loading history. The data is from the paper
by Cheng,Shum and Tapley, JGR,vol.102,no0. B10, 22377-22390, 1997.Note that there
is essentially no influence of rotational feedback on the low order zonal coefficients.




All ofi theserresultsiserve to ranfor ce thevalidity off the earlier
analyses ofi the pllanet’s rotational responseteGIA foercing
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It was argued that the
assumptions on the basis of
which the theory was developed,
specifically the above, was correct
on the basis of the fact that BOTH
rotational observables were fit by
the same model of the radial
viscoelastic structure.

Polar Wander Vel. (deg / Myr)




(8) The polar wander component of the solution in the Laplace
transform domain is then simply:

1+k5(9)

Neglecting terms of order

| FrParige )
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The Equivalent Earth Model Approach of Munk and MacDonald

In the denominator of the expression for the frequency domain impulse
Response H(s) there appears the factor:

1-kJ (9)/ks =1- kT(O)/kf+(—)Z J/ >

In the EQEM approach we adjust the properties of the visco-elastic model by

In general this quantity will be a parameter of the model. For the ICE-5G(VM2)
model the quantity differs from zero by <1% if it is (reasonably) assumed that
the effective thickness of the lithosphere may be assumed to vanish in the [imit
of long time insofar as the degree 2 tidal deformation is concerned.




TThe ™ fluld Ceve number™ Is.determined By,
the ohserved flattening o Earth’ sifigure

Note that in the
Infinite time limit

the value of the

tidal Love number

of degree 2
approaches the value
of the fluid Love
number as the
lithospheric
thickness approaches

zero. Inthislimit the [EEEEE

error 1s less than 1%o!

120 160 200
Lithospheric Thickness (Km)



IThe Present Day Rate of relative Sea - evel
Risefor 4 Vodels of the Gl A Process

ICE-4G VM2 L90 No rotation ICE-4G VM2 L90 Wlth rotation

Rate of Change of Seal.evel (mm/yr)
C T | | N [ (| | [ [ ]

e ¢ O @




It is important to note the following properties of the
ICE-4G(VM2) and the ICE-5G(VM2) models insofar as
their rotational response is concerned to the forcing
associated with the GIA process.

Ice-4G(VM2) ICE-5G(VM2) Observed

TPW speed-no rot. .810 deg/Ma 1.06 deg/Ma 0.8-1.1 deg/Ma
TPW direction-no rot. 9.9 deg WLong 83.1 deg WLong ~76 deg WLong

TPW speed-rot. .57 deg/Ma .72 deg/Ma 0.8-1.1 deg/Ma

TPW direction-rot. 73.4 deg WLong 88.8 Qgg_VVLZN6 deg WLong

Y Note also that the TPW direction
Note: the TPW speed delivered by the delivered by the ICE-5G(VM2) model
ICE-4G(VM2) model is somewhat too is shifted too far to the west!
slow and the direction is too far to the although the speed is about right.
east.




TThe use of sl data e confiirm the validity ef the roetatienall respense
theory

It is fortunate that we
have available a
detailed set of relative
sea level data, from
the entire east coast of
the South American
continent that provides
a traverse from north
to south through one
of the 4 “bulls-eyes” in
the degree two and
order one pattern
produced by the
influence of earth
rotation upon relative
sea level history.
These data were
published by Rostami,
Peltier and Mangini (
QSR 19, 1459-1525,
2000)




Sea level histories along the east coast of the South American continent reveal
the presence of a mid-Holocene high stand of the sea, a feature that is found
to be characteristic of the sea level record on most coastlines at sites in the
far field of the Pleistocene ice sheets

4 The Holocene sea-level curve 1 Upltt corected sea-lgvel
| for Aantic Patagonia 1 curve for Aflantc Patagonia
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The primary observation reported in Rostami et al was of an extremely “odd”
systematic increase with latitude of the elevation of the mid-Holocene high stand

of the sea as a function of increasing southern latitude.
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According to the
Rostami et al analysis
the mid-Holocene high
stand increases in
elevation from the
north to the south by

) LATITUD E (°South)
approximately em.
This is the signal that
provides us with a
means to test the
validity of the theory
of rotational feedback.
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IFhe east ceast passive margin ol Seuth
America
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Further tests of the ’éi?f”‘r‘:_ 4>'§!p-.
valididty of the EQM BT
hypothesis based

i

upon RSL histories -t

from the polar )‘Mm" e
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The Japanese Ilands, Western
Africaand the Indian Ocean

Australia-New Zealand -—--;c:--v




Data firen the other extremna of the degrees2
andiorder 1 pattern
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Stmmarny.

A detalled tesi has lbeen performed of guality of the theory: that
nas lheen preduced on the basis of Whieh the planet’ s rotational
response to the GIA precess is computed.

Thistest provesithat the “ Equivalent Earth Model™ hypothesis
of Munk and MacbDonald Is the correct basis fior the
computation as previously assumed in Peltier (1982) AND Wu
and Peltier (1984)

The recent claim that this theory was in error ( by Mitrovica,
Wahr and others(GJl,2005)) Is therefor erroneous.

The theory allows for the moedern melting of; ice from
Greenland and Antarctica at a rate that substantially explains
the previously noted “missing source” of the meltwater
required to explain the ohserved modern rate ofi global sea
level rise as previously argued by Peltier (1998, Rev.
Geophys.)




Moving from north to
south along the coast
the theory with
rotational feedback
predicts that the mid-
Holocene high stand
should be found at
increasing elevation as
latitude increases.
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\What abeut theether “ bulls-eyes’ in thedegree 2 and order 1
pattern dueto rotational fieedlhack?
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-12
These sites are all 11109
from the Great |
Australian Bight, a
region in which the
influence of rotational
feedback causes the 11111 FRANKLIN HB 11113
removal of a mid-
Holocene highstand
that would otherwise
exist.
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Eurther examplesirem other rotation iniiluenced regions

“Down sites” from the west
Coast of Africa and from the
Indian Ocean

“Up sites” from the
Japanese Islands
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(6) In the domain of the Laplace transform variable “'s
equations may then be written in the form:

sy, + O'(l k2 / k ¢ )m2 Wl(s) These constitute two

inhorr!oger_leous algebraic
sm, —o(1— kJ /kf )My, =¥, (S) equations in theﬂ
c=Q(C-A)/A

, the polar wander

(7) The Laplace transforms of the excitation functions are simply:

vA(9) = (%) 1229~ (sl

Wo(S) = —(9) 13(8) - (E) 1 23(5)

lij (8) = L+ k3 () F“@""(e»




Baradoes RSE consirainsthetotal variation
Ol continentallice massithreugha glacial cycle

From Peltier
and Fairbanks
QSR 2006, in
press.
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What about the
other element of

the Earth’s rotational
response to the
Glacial Isostatic
Adjustment forcing?

Geoid Height Time Dependence and the J

Geoid Height Time Dependence (take G (6, A, t) = geoid height)

G@©O,A,1)=R 0,1, 1)+ RSL (0, 4, t), R = local radius wrt com
RSL = sea level wrt solid surface

- +€ L]
G (0, A’ ; Gérn Yérn (0, A')

1/ =-f

Definition of the J¢m

o0

¢ R o
G (0,4, 1) = _22 —20 (J,glrn cos mA + I, sinmd) P, (cos 0)

With the P;n normalized such that
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unit sphere
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Re [G
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@) Thus J glm =

2 (24+1) (/-m) ! T [Gem]

j2
T (4+m)

&) Variance Spectra
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TTheinfluence ofi fiallureto adheretothe EQIV
ypoethesis-1(I CE-5G senso stificto)

NOTE: = -
Incorporation of

the epsilon effect

reduces the speed

prediction by a . .
factor of ~4 and _ Degregs ~r
skews the ) -

masaad worg suly
08803 TepImy Tenog

|\|\|\|\|0'0
I\I\I\I\I”

polar wander
angle westward
by approximately
80 degrees. The
Holocene records
that record the
Influence of
rotational
feedback would
therefor not be e
explicable
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Now! | ce-5G sensostricto Includes continued grewin
of the Greenlandllice Sheet threugh the Holocene: I
suichi Neoglacial grewth Is assunied to siop after 2 ka

AdAeeagTreaeaeaes=s J DM

If the influence of : = = =
continuing Neoglacial :

growth of Greenland is -

eliminated, then the '

predicted polar wander - -

Tl

esad wony S2fy

eadg Tepirey Teroq

PDeg T e = wr

angle prediction is
strongly stabilized but
the speed is still
diminished by
aproximately a factor
of 4 and the data are
still not reconciled.
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IThelinfliuence of present day Gireenland
meltingat arate o 0.1 mmiper Vear
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Note: the addition

of present day
Greenland melting

at arate of 0.1 mm

per year increases

the speed prediction

so that it now lies
within the observed
range while the angle
remains stable and also
In the observed range.
A further increasein
the Greenland melt
rate by afactor of three
remains allowed by the
data.
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(9) The complexity of the polar wander solution arises because of the fact that
there exists a multiplicity of “normal modes of viscous gravitational relaxation”
that govern the response of the planet to both surface mass and tidal load
forcing. In Peltier (1976) it was first established that:

Note: it is @ consequence of the presence of
the surface lithosphere that the infinite time,
zero s”, limit of the surface load Love number
is different from -1. I measure the strength of
the “lithosphere effect” by the parameter




(10) In order to accurately construct a time domain solution we need to
rewrite the system impulse response function H(s) following Peltier (1982),
Wu and Peltier(1984) and Peltier and Jiang(1996) as:

N

L g S+S
H(S)_(AO')|:IS sz_:s. (S+S-):|]_:[QN(S)

QuE =L+ (O k¢ )H(s+s )+(—)Z—H(s+s)

j=1 3 i]

QN(s)=H(s+ﬂ,-)
j=1

The sequence of lambdas consists of the roots of the function Q-N
In order to prepare for Laplace transformation of H(s), this function
Must be further manipulated as follows:

A fluid Love number that is identical to
questioned in Mitrovica et al ( GJI, 161,
in what follows.

This assumption has recently been
-506, 2005). This issue will be a focus

NOTE: In the analysis of the GIA influe@upon rotation that I perform, I employ




(11) In order to perform the inverse Laplace transform we further manipulate H(s)
as:

With this polynomial form for H(s) it is now amenable to to Laplace
Inversion, as follows:




(12) Given these factorizations we may simply invert H(s) into the time
domain to obtain:

N

_ N
H (t) = (AQ—G){IS - 2—’}5(0 + (%){Z Eje—“}
j=1

j=1 "

N . N
E, {Isq(—ﬂmZ;’_R,«—ﬂi)} IT -2
j=1 ")

k#i

The solutions for the polar wander components then follow by convolution as:

(O =) || 299 )+ (2 )ZEe“ﬂt £15399 1)

Q I i I
MO =)= ) = “gd(t>+(—)25e A1 599 )

=17

Where the star indicates the time domain convolution operation




Remember that the Predicted RSL at 6KBP
PWS predicted by T \/"""'_""I'C'E'LgGwé'L'gd'“

the ICE-5G(VM2) ICE—4G VM2 L90 -

model fits the
observational ----ICE-5G No Rotation

constraint whereas - =~ ICE—4G No Rotation’

the prediction of the
ICE-4G(VM2) model
is too slow.

Note also that the
Rostami et al
observation is that the
mid-Holocene high
stand rises by about 6m
from north to south.
This fits the prediction
of the ICE-5G(VM2)
model only when the
influence of rotational
feedback is included,
USING THE
CONVENTIONAL
THEORY.

Latitude




